The mechanisms that permit adult tissues to regenerate when injured are not well understood. Initiation of liver regeneration requires the injury-related cytokines, tumor necrosis factor (TNF) ␣ and interleukin (IL) 6, and involves the activation of cytokine-regulated transcription factors such as NF-␤ and STAT3. During regeneration, TNF␣ and IL-6 promote hepatocyte viability, as well as proliferation, because interventions that inhibit either cytokine not only block hepatocyte DNA synthesis, but also increase liver cell death. These observations suggest that the cytokines induce hepatoprotective factors in the regenerating liver. Given evidence that nitric oxide can prevent TNF-mediated activation of the pro-apoptotic protease caspase 3 and protect hepatocytes from cytokine-mediated death, cytokine-inducible nitric oxide synthase (iNOS) may be an important hepatoprotective factor in the regenerating liver. In support of this hypothesis we report that the hepatocyte proliferative response to partial liver resection is severely inhibited in transgenic mice with targeted disruption of the iNOS gene. Instead, partial hepatectomy is followed by increased caspase 3 activity, hepatocyte death, and liver failure, despite preserved induction of TNF␣, IL-6, NF-␤, and STAT3. These results suggest that during successful tissue regeneration, injury-related cytokines induce factors, such as iNOS and its product, NO, that protect surviving cells from cytokine-mediated death.
In adult vertebrates, the capacity for regeneration is limited to a few tissues, such as the liver. Furthermore, in mammals, even tissues that can regenerate sometimes do not regenerate when injured. Achieving a wider range and greater degree of regeneration in injured tissues will require a deeper understanding of the cellular and molecular mechanisms that permit cells to survive and proliferate in a potentially lethal microenvironment (1) . Interestingly, the pluripotent, injury-related cytokine, tumor necrosis factor (TNF) ␣, can induce either hepatocyte death or proliferation, and, thus, is thought to influence both liver injury and liver regeneration (2) . Identification of the signals that modulate the cellular response to TNF␣ may permit the development of treatments that create a regenerative environment in injured tissues.
When large pieces of liver are amputated by two-thirds (partial) hepatectomy (PH), increased local expression of TNF␣ triggers the production of other cytokines, including interleukin (IL) 6, and is required to initiate subsequent hepatocyte proliferation (3, 4) . Post-PH liver regeneration and IL-6 induction are markedly inhibited in mice with targeted disruption of the TNF receptor type 1 (TNFR-1) gene. In addition, such mice exhibit excessive lipid accumulation in hepatocytes and increased mortality after PH (4) . IL-6-null mice produce TNF␣ and express TNFRs (5) but respond to PH like TNFR-1-null mice (6) . Interestingly, injection of recombinant TNF␣ (7), but not IL-6 (4), provokes hepatocyte proliferation in normal healthy mice. However, pretreatment with IL-6 normalizes post-PH liver regeneration and prevents mortality in both TNFR-1-null (4) and IL-6-null mice (6) . Taken together, these results suggest that IL-6 may help to induce factors that permit hepatocytes to proliferate, rather than die, after exposure to TNF␣.
Injury-related cytokines regulate the transcription of many hepatocyte genes, including inducible nitric oxide synthase (iNOS), the enzyme that catalyzes the formation of NO from arginine (8) (9) (10) (11) (12) (13) . In vivo footprint analysis of the murine iNOS gene indicates that neither TNF␣ nor IL-6 alone are sufficient to activate iNOS transcription but that when combined these two cytokines up-regulate iNOS transcription as much as lipopolysaccharide (LPS), a potent iNOS inducer (12, 14) . There is growing evidence that NO may prevent TNF-mediated hepatocyte injury in LPS-treated animals and in cultured hepatocytes (15) (16) (17) . Thus, it is possible that IL-6 may protect hepatocytes in the regenerating liver from TNF␣, at least in part, by promoting the induction of iNOS. Others have shown that iNOS mRNAs accumulate in the liver during the prereplicative period after PH (18) (19) (20) (21) . During this time period, iNOS induction appears to occur preferentially in hepatocytes because NO production was found almost exclusively in these cells, and not in liver nonparenchymal cells that were isolated from rat livers from 1-16 hr after PH (18, 19) . There is a striking temporal correlation between peak NO production, iNOS mRNA, and protein accumulation (18) (19) (20) (21) and the induction of IL-6, all of which occur in the liver around 3-8 hr after PH. However, the functional implications of iNOS induction in hepatocytes entering the cell cycle is not well understood.
We hypothesize that the induction of iNOS in regenerating liver cells protects them from lethal effects of endotoxemia and increased TNF␣, which also occur in the prereplicative period after PH (22, 23) . Thus, PH may provoke liver injury, rather than regeneration, when induction of iNOS is prevented. The present study tests this hypothesis by comparing several markers of hepatocyte proliferation and death in transgenic mice with targeted disruption of the iNOS gene and wild-type controls. Regenerative induction of TNF␣, IL-6, NF-␤, and STAT3 also have been evaluated to determine whether these critical components of the cytokine signaling cascades are preserved in the NO-deficient animals.
experiments (courtesy of F. Y. Liew, University of Glasgow and C. Lowenstein, Johns Hopkins University). iNOS-null mice and MF-1, C129 hybrid controls of the same age and sex, were subjected to PH according to the method of Higgins and Anderson (24) . All experiments were done in accordance with National Institutes of Health and Johns Hopkins University guidelines for the humane use of laboratory animals.
Evaluation of Liver Regeneration. BrdUrd labeling. To evaluate hepatocyte DNA synthesis, BrdUrd (10 g͞g body weight) was injected i.p. 2 hr before sacrifice. The remnant liver was harvested at 0, 24, 36, 48, 72, and 96 hr after PH, fixed, sectioned and stained with antibodies to BrdUrd. Positive, dark-stained hepatocyte nuclei were counted in 10 different 400ϫ fields͞tissue section. Tissue sections from at least 4-6 different iNOS-deficient and a similar number of wild-type control mice were evaluated at each time point after PH.
Hepatocyte mitotic activity. To evaluate hepatocyte replication, mitotic figures in hepatocytes were counted in 10 different 400ϫ fields from 4-6 mice͞group at each time point.
Liver mass regenerated. At the time of PH, the resected liver was weighed, and this information was used to calculate the initial liver weight for each mouse based on the assumption that the resected liver ϭ 0.70 ϫ (total liver). When mice were sacrificed after PH, the remnant livers were weighed. For each mouse, the weight of the remnant liver was divided by that animal's initial liver weight to derive the percentage of liver weight that had been reconstituted after PH.
Evaluation of Hepatocellular Damage. Serum markers of hepatocellular damage. Serum alanine aminotransferase activity and bilirubin concentration were determined by the clinical chemistry laboratory of the Johns Hopkins Hospital in samples from 4-6 iNOS-null mice and their wild-type littermates at several different time points after PH.
Histological evaluation of liver injury. For morphological assessment, hematoxylin͞eosin-stained liver sections were inspected for evidence of liver injury. The number of necro-inflammatory foci were counted in at least five different 400ϫ fields͞tissue section. Sections from four different mice͞group were evaluated at each time point. TUNEL staining (terminal deoxynucleotidyltransferase-mediated-UTP nick end labeling) in formalin-fixed liver tissue sections was performed to assess the presence of hepatocyte apoptosis as described by Gavreili and associates (25) . In brief, the sections were dewaxed in xylene, rehydrated through graded series of alcohols, and washed in double distilled water. After optimal digestion with 20 mg͞ml of proteinase K, the sections were incubated with the nick end-labeling solution using digoxigenin-11-dUTP (Boehringer Mannheim) at 37°C for 60 min in a humid chamber. Specific antiserum to digoxigenin conjugated with fluorescein (Boehringer Mannheim) was used to visualize apoptotic nuclei. Negative controls included serial sections incubated without enzyme or substrate. Positive controls were performed in commercially available sections (Promega) of regressing mouse mammary gland. The number of fluoresceinlabeled apoptotic nuclei were counted in 10 high-power fields by two independent observers in slides obtained from three animals per time point (24, 36 , and 48 hr after PH) in each group.
Activation of the pro-apoptotic protease, caspase 3. In vivo cleavage of U1-70kD (70-kDa fragment of the U-1 ribonucleosomal protein), a specific substrate for caspase 3, was used as a marker of caspase activity. Liver samples were homogenized in lysis buffer containing 10 mM Hepes͞KOH, pH 7.4, 2 mM EDTA, 5 mM DTT, 1% Nonidet P-40, and the protease inhibitors phenylmethylsulfonyl fluoride, antipain, leupeptin, and pepstatin A. Protein concentrations were determined by Bio-Rad assay (Amersham) using BSA as standard (26) . Western blot analysis was done to investigate the in vivo cleavage of U1-70kD. One hundred micrograms of protein homogenate was loaded per lane. Samples were electrophoresed on 10% SDS-polyacrylamide gels containing 0.087% bisacrylamide. Cleavage of intact U1-70kD was assayed by immunoblotting with monospecific human sera recognizing U1-70kD and its signature 40-kDa apoptotic fragment (27) .
Evaluation of Cytokines. Cytokine expression. Serum concentrations of TNF␣ and IL-6 were measured by commercially available ELISAs (BioSource International, Camarillo, CA). Samples from 4-6 different mice͞group were evaluated at each time point. Each assay was performed in triplicate with murine recombinant cytokine as standard. In addition, separate iNOS-deficient and wild-type mice were injected i.p. with 3 ml of thioglycollate, and 4 days later peritoneal macrophages were harvested. Cells were cultured overnight in DMEM with 10% fetal bovine serum and then Escherichia coli-derived lipopolysaccharide 0111:B4 (Sigma) (1 mg͞ml) was added to half of the cultures. After 90 min, the medium was removed and the cells were harvested. Total RNA was isolated from the cell pellets as described (26), and aliquots (20 mg͞lane) were separated by electrophoresis on 1% agarose gels under denaturing conditions. After transfer to nylon membranes by capillary blotting, blots were hybridized overnight with cDNA probes to either murine TNF␣ (obtained from Bruce Beutler, Univ. of Texas Southwestern, Dallas; ref. 28) or murine IL-6 (obtained from Genaro Ciliberto, Istituto di Ricerche di Biologia Molecolare, Pompezia, Rome) (29) . Blots were washed under stringent conditions and exposed to Kodak film with intensifying screens. Results were obtained by laser scanning densitometry (Molecular Dynamics) and normalized to the 18S band for each individual lane.
Cytokine-regulated transcription factors. Liver nuclear proteins were isolated at various time points after PH according to the methods of Lavery and Schibler (30) as described (26) . Electrophoretic mobility-shift assays were performed to evaluate the DNA binding activities of NF-␤ and STAT3 (31). The 32 Plabeled, double-stranded oligonucleotide probe used in the NF-␤ assays was the NF-␤ consensus sequence in the Ig enhancer (26) . STAT3 assays used a 32 P-labeled, double-strand, 20-bp oligonucleotide that included the cis-inducible element binding sites. One milliliter of commercially available (Santa Cruz Biotechnology) antisera to NF-␤ p50 or p65 or to total STAT3 or phosphorylated STAT3 was added to some reaction mixtures to evaluate the specificity of DNA complex formation by supershift analysis. Eight milligrams of nuclear protein was loaded per lane. STAT3 protein levels were analyzed by Western blot, as described (26, 31) . In brief, proteins were separated on 12% SDS͞PAGE and transferred onto Immobilon-P membranes (Millipore). The blots were probed with commercially available specific antisera (Santa Cruz Biotechnology) for either total or phosphorylated STAT3, and proteins were visualized by the ECL detection system (Amersham). Blots obtained from 3-4 unique experiments were evaluated by scanning laser densitometry (Molecular Dynamics).
RESULTS
Eight-to 10-week-old, male iNOS-null mice (32) and wild-type (MF1, C129 hybrid) mice of the same sex and age were subjected to PH (24) . Mice of similar genetic background were used to minimize potential inter-strain differences in the response to liver injury or PH. Liver weight, histology, and serum aminotransferase levels were normal in iNOS-null mice before PH. Mortality during the initial 96 hr after PH was only slightly higher in the iNOS-null mice (13 Ϯ 2%) than in controls (4 Ϯ 2%). However, liver regeneration was significantly inhibited in all surviving iNOS-null mice, as evidenced by decreased hepatocyte incorporation of BrdUrd ( Fig. 1 A and B) , mitoses (Fig. 1C) , and restitution of liver mass (Fig. 1D ). In addition, compared with control mice that developed minor (grade 1) periportal lipid accumulation after PH, iNOS-null mice developed severe (grade 3-4) panlobular microvesicular steatosis in hepatocytes within 24-48 h after PH (Fig. 2) . This steatosis was accompanied by histologic evidence of liver injury variously manifested as necrotic foci, polymorphonuclear cell infiltration, and hepatocyte apopto-sis on hematoxylin͞eosin-stained liver sections (Fig. 3 A-C) . The presence of increased apoptosis was confirmed by TUNEL staining, which clearly illustrated nuclear fragmentation in fluorescein isothiocyanate-labeled hepatocytes and nonparenchymal cells (Fig. 4A) . A graphical representation of the increased numbers of apoptotic liver cells on TUNEL-stained sections is shown in Fig. 4B , demonstrating a significant increase in apoptosis at 24 hr in iNOS-null mice when compared with controls.
The extent and predominant type of liver cell death varied dramatically with time. The number of apoptotic liver cells in iNOS-null mice was only greater than controls at 24 hr post-PH. TUNEL stains at that time point demonstrated increased apoptosis in both hepatocytes and liver nonparenchymal cells. By 36 hr after PH, apoptosis was rare in both iNOS-null and control mice. However, small foci of necrotic-appearing hepatocytes were evident in iNOS-null animals, but not in controls from 36 to 48 hr post-PH. Areas of necrosis often were associated with focal hemorrhage. Liver infiltration with inflammatory cells was sparse and tended to colocalize with the small isolated foci of necrotic hepatocytes. Consistent with this histologic evidence of liver injury, iNOS-null mice exhibited elevated alanine aminotransferase activity in serum and features of liver failure, including hyperbilirubinemia (Table 1) , which was severe enough to produce overt jaundice in the surviving mice (data not shown).
Although the appearance of hepatic steatosis and decreased hepatocyte proliferation in the iNOS-null mice resembled similar features that were reported in TNFR-1-null (4) and IL-6-null (6) mice after PH, regenerative induction of TNF␣ and IL-6 in iNOS mice was not impaired. In fact, serum concentrations of these cytokines were 2-to 5-fold greater than those of control mice at Fig. 5Ͻzct;F5) . Thus, there is no evidence that iNOS-null mice were deficient in either of the cytokines that are required for liver regeneration. Furthermore, post-PH induction of the cytokine-regulated transcription factors (NF-␤ and STAT3) occurred normally in the livers of the iNOS-null animals. As shown in Fig. 6 , the DNA binding activity of STAT3 (Fig. 6A ) and intrahepatic induction of STAT3 protein (Fig. 6B ) after PH in iNOS-null mice was comparable to control animals at all time points evaluated. The DNA binding activity of NF-␤ was also similar in iNOS-null mice and controls at all time points evaluated (data not shown). These results indicate that the immediate downstream signaling pathways of TNF␣ and IL-6 were unaffected by iNOS deficiency and responded normally to induction by PH. Subsequent efforts were directed toward identifying potential mechanisms that may contribute to post-PH liver injury in the iNOS-null mice. Because several groups have reported that NO inhibits TNF-dependent activation of caspase 3 (15-17, 33, 34) , and this protease is known to be a proximal mediator of TNFinitiated cell death (17, 35) , caspase 3 activity was compared in iNOS-null mice and controls at several time points after PH. Fig.  7 demonstrates that after PH, the caspase 3 substrate, Ul-70kD, is cleaved to generate the signature apoptotic 40-kDa fragment in the livers of iNOS-null mice. Such proteolysis is not observed in control livers after PH. Because both TNF␣ (22, 23) and NO production (18-21) normally increase in the regenerating liver after PH, the latter finding suggests that one function of iNOSgenerated NO is to prevent TNF␣ from activating caspase 3 in regenerating hepatocytes. Although not proven, this interpretation is supported by the finding that caspase 3 activity is increased after PH in iNOS-deficient mice.
DISCUSSION
This comparison of the regenerative response to liver resection in transgenic iNOS-deficient mice and control mice with a similar genetic background provides evidence that regeneration requires the induction of factors that protect proliferating cells from death. This finding is likely to have general relevance and may help to explain why some tissues can regenerate themselves after injury, while most others cannot replace dead cells and heal by scarring. The present results are particularly informative when interpreted in the context of abundant recent evidence that injury-related cytokines are required for hepatocytes to re-enter the cell cycle after the liver has been damaged. Studies in mice treated with neutralizing anti-TNF antibodies before PH and in hepatectomized mice with targeted disruption of the TNFR-1 gene indicate that TNF␣ plays a crucial role in activating growth-regulatory kinase cascades and several growth-related immediate early genes in the early prereplicative period after PH (3, 4) . Apparently both TNFR-1 and TNFR-2 are involved in this response and work by Fausto's group (4) suggests that, although TNFR-1 activation is essential for hepatocyte proliferation, there is some redundancy in the signaling initiated by TNFR-2 in this setting (53) . For example, both receptors are capable of mediating the activation of NF-␤ (36) .
In addition to initiating growth-related signaling in hepatocytes, TNF␣ plays a major role in the induction of IL-6 that occurs after PH (3, 4) . However, studies by Cressman and colleagues (6) prove that TNF␣ is not sufficient for liver regeneration because regeneration is inhibited in transgenic mice that lack IL-6. Interestingly, PH leads to increased hepatic steatosis and high rates of mortality in both TNFR-1-null and IL-6 null mice (4, 6). Sera were obtained from iNOS-deficient and control mice at several different time points after PH (n ϭ 4 or more mice͞group per time point). ‫,ء‬ P Ͻ 0.01 iNOS-deficient group vs. control group at the same time point. ALT, alanine aminotransferase. FIG. 3 . PH leads to foci of liver injury. Liver injury in iNOSdeficient mice may be manifest on hematoxylin͞eosin-stained sections as (A) focal necrotic areas with hemorrhage and polymorphonuclear cell infiltration, (B) diffuse steatosis with inflammatory cell infiltration, or (C) distinct morphologic features of hepatocyte apoptosis with chromatin margination and͞or condensation. (Magnification: A and C, ϫ400; B, ϫ1,000).
Neither of the previous studies of those transgenic animals reported whether or not PH increased hepatocyte apoptosis. However, both document that supplemental IL-6 restored the hepatocyte proliferative response and completely prevented PHrelated mortality.
More recently, Brenner and colleagues (37) reported that enforced overexpression of I-␤ inhibited NF-␤ activation and resulted in massive hepatocyte apoptosis after PH (37) . Because regenerative activation of NF-␤ is attenuated in TNFR-1-null mice, the former may have contributed to increased liver injury and post-PH mortality in TNFR-1-null mice. However, it is difficult to explain why supplemental IL-6 protected those animals, because IL-6 is not known to activate NF-␤. Similarly, IL-6-null mice would not be expected to have decreased induction of NF-␤ after PH because TNF␣ is predominantly responsible for inducing NF-␤ in the regenerating liver (4) and IL-6 null mice express TNF and TNFRs. Yet, similar to TNFR-1-null mice, IL-6-null mice develop liver injury and death after PH (6) . These paradoxical observations may be reconciled by evidence generated during the present work, which demonstrates that the cytokine-inducible gene, iNOS, is necessary to achieve the normal regenerative response to PH.
In vivo footprint analysis of the iNOS gene indicates that neither TNF␣ nor IL-6 is capable of inducing iNOS transcription as a single agent. However, a combination of these two cytokines up-regulates iNOS transcription as much as lipopolysaccharide (14) . These observations are consistent with evidence that both NF-␤ (a TNF-activated factor) and IRF-1 (an IL-6 inducible, STAT3-dependent factor) are required to induce iNOS gene transcription (11) (12) (13) (14) 38) . iNOS expression and activity normally increase in the liver during the prereplicative period after PH (18) (19) (20) (21) . However, increases in iNOS mRNAs do not occur after PH until around the time that the IL-6-inducible transcription factors STAT3 and IRF-1 are known to increase (20, 21) . Previous studies using L-NAME, a nonspecific NOS inhibitor, indicated that NO is involved in the regenerative response because inhibition of NOS resulted in decreased hepatocyte proliferation after PH (39) . The present study suggests why NO is important for liver regeneration by demonstrating that hepatocytes undergo necrosis and apoptosis instead of proliferating when the induction of iNOS is prevented in the damaged liver. These negative outcomes occur in iNOS-deficient animals despite an abundance of the two cytokines (TNF and IL-6) that are necessary for the initiation of the proliferative response to liver resection and despite preservation of the cytokine-initiated signals that lead to NF-␤ and STAT3 activation during early liver regeneration.
NO is an extremely reactive molecule and is known to have pleiotropic effects (9, 32, 40, 41) . Thus, it is conceivable that it has many actions during liver regeneration. Recently described growth-regulatory actions of NO may be particularly relevant in this setting. For example, NO has been shown to activate extracellular signal-regulated kinases (Erks 1 and 2) in vascular endothelial cells (42) . It is also capable of inhibiting the activation of NF-␤ in neuronal cells (43) . Because our iNOS-deficient mice developed evidence of massive liver injury after PH, we focused on specific well-documented mechanisms that are thought to explain how NO can prevent cell death.
In some cell types, including hepatocytes, NO is known to protect against apoptotic death induced by TNF (17, 34, 44) . During apoptosis, pro-caspase 3 is cleaved to a biologically active protease in which Cys-163, a highly conserved amino acid among IL-1 ␤-converting enzyme-like and the caspase subfamily of cysteine proteases, is required for full proteolytic function (45) . NO is known to nitrosylate Cys-163 and, thus, can inhibit the activity of caspase 3 by a direct posttranslational mechanism (34) . In many cells, NO also promotes the accumulation of cGMP, and treatment with cGMP has been shown to inhibit TNF-dependent induction of caspase 3 activity, whereas treatment with a cGMP-dependent kinase inhibitor abolishes this effect of NO. Thus, NO also may prevent caspase 3 activation via a cGMP-dependent mechanism (17) . Given growing evidence that caspase 3 plays a critical role in TNFmediated hepatocyte death (46, 47) , caspase 3 seems to be a logical target for NO in the regenerating liver, where hepatocytes are exposed to increased levels of TNF␣ (22, 23, 48) . Consistent with this possibility, we found that caspase 3 activity is increased in transgenic mice with targeted disruption of the iNOS gene compared with control mice, which presumably exhibit induction of iNOS during their normal regenerative response. U1-7OkD is a substrate for caspase 3 (27) , and therefore an excellent marker for the activity of this enzyme. However, this assay does not permit elucidation of the precise mechanism by which iNOS deficiency results in increased caspase 3 activity after PH. Either decreased nitrosylation of Cys-163 or inhibition of cGMP-regulated suppression of caspase 3 activity could account for this result. Furthermore, because we did not specifically compare all of the conceivable responses that may have been influenced by NO deficiency in iNOS-null and control mice, it is impossible to exclude contributions from other potential intracellular effects (e.g., inhibited extracellular signal-regulated kinase activation) or extracellular effects (e.g., changes in liver blood flow) of NO deficiency. Indeed, because hepatocyte necrosis and steatosis also were increased in iNOS-null mice suggests that NO has many effects in the regenerating liver, because steatosis and the two types of cell death each may be mediated by a different mechanism. However, there is no doubt that the prevention of iNOS induction has a profound effect on the liver's ability to regenerate after it has been damaged. In the absence of iNOS, PH provokes predominantly hepatocyte death instead of the typical increase in hepatocyte proliferative activity. Nonetheless, many iNOS mice survived this insult and exhibited some evidence of liver regeneration, although it was delayed and attenuated. The latter suggests that other protective mechanisms can compensate, at least partially, for the NO deficiency in this setting. Other candidate cytokine-inducible protective factors include bcl-x and Hsp-70, which are induced around the same time that iNOS mRNAs and activity increase after PH (49, 50) .
The ability of cytokine-inducible molecules, like NO, to ''gate'' the actions of cytokines that accumulate during tissue damage may have broad implications. In organisms that are as divergent as urodeles and humans, tissue regeneration depends on the local extracellular environment after amputation or wounding and the ability of proliferation-competent cells to re-enter the cell cycle from the differentiated state. However, regardless of the species or organ, successful regeneration of damaged tissues also requires a temporary suspension of normal, adult, homeostatic mechanisms that restrict neoplasia by coupling cell cycle re-entry to cell death (51, 52) . Evidence that iNOS activity is an important prerequisite for net liver growth after partial hepatic resection suggests that NO may help to convert an injury environment into one that favors regeneration by aborting the activation of molecules that promote cell death.
